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(57) Abstract 

Mesqporous desigels are fabricated as nitrides, carbides, borides, 
and silicides of metals, particularly transition metals, and most partic- 
ularly eariy transition metals. The desigels are pr ep are d by forming a 
gel of a metallic compound, and removing solvent Inxn die geL In 
some instances, the thus produced desigel may be furdier reacted to 
change its composidcm, while preserving its mesoporous structure. The 
materials are particularly suited as electrodes for capacitors, including 
ulnacapacitors. and for use in baneries. 
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HIGH SURFACE AREA MESOPOROUS DESIGEL 
MAXKRTALS AND METHODS FOR THEIR FABRICATION 

Related Application 

This application claims the priority of provisional patent application 
5 60/006,095 filed October 31, 1995. 

Field of the Inyention 

This invention relates to high surface area materials, and particularly to 
mesoporous desigel materials obtained by the removal of solvent from gels. 
More specifically the invention relates to mesoporous desigel materials 
10 comprised of nitrides, carbides, borides and/or silicides of metals as well as to 
methods for the fabrication of the materials and to devices incorporating the 
materials. 

Background of the Invention 
Surface area is an important, if not necessary property of materials used 
15 in a number of devices such as capacitors, including ultracapacitors, 
supercapacitors and pseudocapacitors, as well as batteries, catalysts, fuel cells 
and sensors. Therefore, there is a need for high surface area materials which 
are electrically conductive and which can be configured into electrodes for such 
devices. Additionally, the material should be physically and chemically stable 
20 and easy to fabricate. 

Temperature programmed reactions have been previously enq[)loyed for 
the production of high surface area metal nitride and carbide materials. In such 
processes, carefully controlled reaction conditions are used to convert 
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appropriate precursors into carbides or nitrides. In onier to succeed, this 
approach requires tfiat the nitride or carbide have a higher mass density than the 
precursor, and since only selected materials meet this criterion, the technique is 
of limited utility. 

Another approach to fabrication of high surface electrodes involves 
consolidation of very fine powders generated by processes such as ball milling 
or plasma spray. This approach is complicated by the difficulty of controlling 
particle size and surface contamination. In addition, panicle aggregation can 
lead to difficulties in processmg of the materials, and the milling processes 
themselves can be very time and energy consuming when hard, refractory 
compounds such as metal nitrides. cart,ides. borides or sUicides are being 
prepared. It has been found that the electrical performance of devices based on 
consolidated powders is often limited by inteiparticle electrical resistance, and 
this requires the addition of conductivity enhancing additives or specialized 
15 processing steps. 

Another approach to the fabrication of high surfece area materials 
involves the chemical or electrochemical etching of metals to produce textomsd 
metal or metal oxide surfeces. Since this is a subtractive process, it generates 
a waste metal solution, giving rise to economical and ecological problems. 
AdditionaUy, etching techniques often do not afford good control of 
microstiuctoire. and such processes are typically limited to the fabrication of 
relatively thin surface layers. 



20 
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A number of gel based techniques have been investigated in connection 
with the preparation of high surface area materials. As is known, a gel is 
comprised of a three-dimensional matrix or network of a first material disposed 
in a solvent. If the solvent is appropriately removed from the gel, a high 
5 surface area material, defined by the matrix, will be produced. The problem in 
implementation of this technique is that the matrix will often collapse, as a result 
of rapid or uncontrolled drying and/or surface tension produced by the solvent 
within the pores of the matrix. It has been found that the matrix may be 
substantially preserved if such forces are minimized, for example by use of 

10 supercritical extraction techniques wherein the solvent is removed while in its 
supercritical state ther^y eUminating surface tension. In other instances, it has 
been found that by appropriate choice of materials, solvents and drying 
conditions, the matrix may be preserved even when the solvent is not 
supercritically extracted. 

15 When the gel matrix is substantially preserved, the resultant material is 

termed an aerogel, since it can be considered to comprise a gel in which the 
solvent has been replaced by die ambient amiosphere. In other instances, drying 
of the gel will result in some collapse of the matrix stmcture, and such materials 
are generally referred to in the art as xerogels. Generally, high surface area 

20 materials prepared by dryiqg of gels may conq)rise aerpgel and xerogel domains, 
and within the context of this disclosure all such materials based upon dried 
gels, be they aerogels, xerogels or mixtures, are referred to herein as desigels. 
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As wiU be described hereinbelow. the materials of primary interest in the 
present invention are those desigel materials having pore sizes in the range of 
1-100 nanometers, and in a preferred embodiment. 2-50 nanometers. Within 
the context of this disclosure, such materials are referred to as mesopoious 
5 materials so as to differentiate them from those in which the pore size is 
primarily smaller or larger. It is to be understood that in some instances, a 
mesoporous material may also include some finer or coarser pored strucmre. 
although the dominant pore features, in tenns of material properties and 

performance win be in the mesoporous range, and all such materials are referred 
10 to herein as mesoporous. 

A large body of work has been carried out directed to the preparation of 
oxide based aerogels, primarily involving oxides of sUicon. titanium or 
aluminum which are employed for thermal insulation. Such materials are of 
very low electrical conductivity, and are not suitable for electrode appUcation 

15 widiout subsequent processing. One approach to the fabrication of high surface 
electrodes from aerogel based materials mvolves the use of an oxide based 
aerogel as a template for the growth of an electrically conductive tungsten 
carbide film thereiqwn by theimal decomposition of mngsten carbonyl upon the 
oxide aerogel surface. This process is time and labor intensive, and since the 

20 bulk of the resultant material is stiU oxide, the gravimetric and volumetric 
efficiency of electrodes produced thereby is low. Another approach to the 
fabrication of high surface area electrodes involves the preparation of carbon 
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based aerogel and xerogel electrodes from polymer gels which are dried and 
pyrolyzed. Electrodes of this type are discloi^ed, for example in U.S. Patent 
5,529,971. While materials thus produced have very high surface areas, high 
processing temperatures are required, and this limits the utility of the process. 
5 Also the carbon has a fairly low electrical conductivity, and devices such as 
capacitors and batteries produced therefrom have a low energy density. 

It would be desirable to fabricate high surface area desigel based material 
from high efflciency electrode materials such as transition metal carbides, 
nitrides, borides and silicides. As will be described hereinbelow, the present 
10 invention provides for the manufacmre of mesoporous, metal based, desigel 
materials by a process which is simple and economical to implement. These 
materials have utility as electrodes for batteries, capacitors, electrochemical cells 
and the like. They also may be employed as catalysts including electrocatalysts 
as well as nonelectrocatalysts, and have utility in sensor devices and the like. 
15 These and other advantages will be readily apparent from the drawings, 
discussion and description which follow. 

Brirf Pescription of the Invention 
There is disclosed herein a mesoporous desigel. The desigel is fabricated 
from metallic nitrides, carbides, borides and silicides either singly or in 
20 combination. The desigel material is preferably fabricated from a transition 
mml, and preferably a group Illb to group Vllb metal, with the group IVb to 
VIb metal beicg most preferred. The pore size of the material is typically in the 
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range of 1-100 nanometers, and in a specific embodiment is in the range of 2-50 
nanometers. The desigel comprises aerogel and/or xerogel materials, and 
preferably has a surface area in the range of 20-1,000 square meters per gram. 

The presem invention is directed to a method for making the 
mesopoious. desigel. In accord with the method, a sohition containing a first 
compound of a metal is reacted, as for example by hydrolysis or aminolysis to 
produce a second compound of that metal. The reaction is carried out in 
sohition so that a gel is produced which is comprised of a network of tiie second 
compound of the metal embedded in the solvent. The solvent is then removed 

fhmi the gel while maintainiAg at least some of the structure of die network, and 
in this manner a mesoporous desigel is produced. In some mstances, the solvent 
miay be removed by supercritical extraction. 

In accord with the present invention, the desigel produced by this process 
may be further reacted to change its character. For example, tfie desigel may 
originally be an oxWe based material and it may be reacted with a nitrogen or 
carbon containing gas to convert it to the carbide, nitride, silicide or boride of 
tiie metal. The desigel material may be directly fabricated onto a support 
member so as to provide a finished electrode, or tiie material may be fabricated 
in bulk and subsequentiy affixed to an electrode support. 

In accord witii specific embodiments of die present invention tiiere is 
provided an electrical device, such as a capacitor, battery, electrochemical ceU 
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or the like in which at least one of the electrodes is fabricated from the desigel 
material of the present invention. 

Brief Description of thg Drawings 
Figure 1 is a flow chart illustrating the basic steps in a process for the 
S fabrication of the materials of the present invention; 

Figure 2 is a flow chart illustrating the steps for the conversion of a first 
desigel material fabricated in accord with the present invention to a second 
desigel material; 

Figure 3 is a depiction of the x-ray diffraction pattern for a particular 
10 vanadium nitride desigel made in accord with the present invention; 

Figure 4 is a graphic representation of the pore size distribution of the 
vanadium nitride material of Figure 3; and 

Figure S is a Nyquist plot for the vanadium nitride sample of Figures 3 

and 4. 

IS Petailcd Description of the Invention 

The present invention is directed to mesoporous materials based upon 
desigels. The materials have good electrical conductivity and are 
advantageously employed as electrodes for electrochemical energy storage and 
conversion, as well as for other applications. The materials are based upon 
20 nitrides, carbides, borides and silicides of metals taken either singly or in 
combination. Preferred m^als are die transidon metals, with the early transition 
metals, namely those of groiq)s Illb to Vllb, being particularly preferred, and 
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the metals of groups IVb to VIb being most preferred. It should be noted that 
various conventions have been employed in connection with the designation of 
the various groups of the periodic table, and within the context of this disclosure 
groups rab-VIIb all comprise transition metals. As described above, these 
materials are mesoporous and have very high surface areas, typically in the 
range of 20 to 1,000 mVg. 

Within the context of the present invention, these electrically conductive 
desigel materials may be prepared by a direct process wherein a gel of die 
desired material is prepared and subsequently dried to produce a desigel; 
alternatively, the materials may be prepared by an indirect process wherein a 
desigel of a first material is prepared and subsequemly converted to the desired 
mesoporous material by one or more treatment steps. The synthesis of the 
materials of the present invention wUl be explained generaUy witii reference to 
Figures 1 and 2 hereinbelow. and specific, iUustrative examples wiU follow. 

Referring now to Figure 1, there is shown a flow chart illustrating the 
basic steps in the preparation of the material of die present invention. In die 
first step of the process, a metal compound, designated metal compound 1 
(MCI) is dissolved in a solvent. In a second step, a reagent is added to the 
sohition and reacts with MCI to conven it to a gel of a second compound of the 
20 metal (MC2). This gel is comprised of a network of MC2 embedded in the 
solvent. In the third step, the solvent is extracted from die gel so as to yield die 
desigel. As noted above, die solvent may be removed by a supercritical 



15 
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extraction, in which instance a material which is primarily an aerogel will be 
prepared. Alternatively, nonsupercritical drying may be employed, and such 
materials are typically xerogels, although some aerogel material may be 
produced under such circumstances. 
S If a direct synthesis method is employed, the desigel which is the result 

of the Figure 1 procedure is the fmished product. However, in some instances 
it may be desirable to convert the thus fabricated desigel to a mesoporous desigel 
of a different conqx>sition. A conversion process of this type is illustrated with 
reference to Figure 2. 
10 Shown in Figure 2 is a flow chart of a conversion process wherein the 

desigel of MC2 is further reacted with a conversion reagent to convert it into a 
desigel of metal compound 3 (MC3), A process of this type may be employed, 
for example, to convert a metal oxide desigel into a metal nitride, carbide, 
boride or silicide desigel, or to convert a nitride desigel into a carbide desigel. 
15 Clearly, still further conversion steps yielding further desigels of metal 
compounds (e.g., MC4, MC5) may be implemented within the scope of this 
invention. 

The exact reagents and reaction conditions employed in the processes 
illustrated in Figures 1 and 2 will depend upon the materials being prepared. 
20 For example, if an oxide based desigel is being prepared in the Figure 1 
process, MCI may comprise a metal alkoxide such as, for example, a metal 
ethoxide. A typical solvent in this case would be an alcohol such as ethanol. 
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The conversion reagent in this instance wiU preferably comprise water, or some 
other such solvent capable of hydrolyzing the alkoxide. TypicaUy. the reaction 
is carried out under highly dihite conditions, and a small amount of acid or base 
is generally added to catalyze the hydrolysis. Under such reaction conditions, 
the metal alkoxide wiU hydrolyze and condense to form a gel in which the water 
and alcohol comprise the solvent. Extraction of the solvent yields a metal oxide 
desigel. The electrical conductivity of most oxide materials is too low for most 
electrode applications, and in accord with die present invention the oxide 
material is converted to a more conductive material such as a carbide, nitride, 
sUicidc or boride, by means of a conversion reagent. For example, the oxide 
may be converted to a nitride by treating it with ammonia or the like at elevated 
temperatures, likewise, a nitride may be converted to a cari>ide by treatment 
with a carbon containing gas such as mediane. Similar reactions may be carried 
out using silanes or boranes as conversion reagents. 

In a direct synthesis process. MCI is a material whidi is capable of 
direcUy reacting in sotation to yield the desired final product. For example, it 
has been found that metal alkyl amide precursors may be reacted with ammonia 
or an amine to produce a gel of the metal nitride which can be dried to produce 
the mesoporous material. In some instances. MCI can be generated and reacted 
in situo to form MC2. as for example by electrochemical synthesis of MCI from 
a metal electrode disposed in an appropriate solvent/reagent mixmre. 
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Experimental 

The principles of the present invention will be illustrated with reference 
to the following nonlimiting examples. 
Example I 

5 In this example, a mesoporous niobium nitride material was prepared by 

an indirect process. In the first stage of the process a niobium oxide desigel was 
prq>aied from niobium ethoxide (ffbiOC^i^^. The preparation was carried out 
in an ethanol solvent, which is present in a molar amount of approximately 40: 1 
to the niobium ethoxide. Water, at a molar ratio of approximately 5:1 to the 

10 niobiimi ethoxide, was utilized as the reactant. The niobium ethoxide was 
dissolved in approximately half of the alcohol and tfie remaining portion used 
to dilute the water. The water solution was slowly added to the precursor 
solution while stirring. A small amount of acid was added to catalyze the 
hydrolysis and condensation reactions. Under these conditions, the solution 

1 S turned to a clear gel at room temperature within a few minutes. The ethanol 
was supercritically extracted in a 300 ml Parr pressure vessel at TJO^'C and 
1,S00 psi. This resulted in the production of a niobium oxide aerogel having a 
surface area in excess of 400 mVg and a peak in the pore size distribution at 30- 
50 nm. 

20 In a second stage of this experiment, the oxide was converted to a 

nitride. This conversion was accomplished by placing the niobium oxide 
material onto a quartz wool plug which was supported on a frit inside a reactor 
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which was comprised of an approximately 1 inch diameter fused sUica tube. 
The tube was placed in a furnace, which was controUed by a programmable 
temperature controller, and ammonia was passed through the tube. The 
ammonia gas flow rate was adjusted to a flow rate of 200 ccm and the nitride 
material was prepared by heating tiie reactants from room temperature to the 
final reaction temperatore of 700»C at a heating rate of 60'C per hour. The 
materials were held at the final reaction temperature for one hour and then 
cooled to room temperamre and passivated by flowing a mixture of 
approximately 1 % oxygen in helium, at a rate of 50 ccm of the mixture for 1 
hour. X-ray diffraction analysis confinned that the only crystaUine phase 
present m the final product was NbN. Sorption analysis yielded a single pomt 

BET surfece area of 134 mVg for this material. The pore size distribution peak 
was in die range of 80-100 nm. 
RicamplA ^ 

15 In this example, niobium carbide material was prepared by an uidirect 

process. In a first stage of the preparation, niobium oxide was prepared as 
described above, and in a second stage reaction, the oxide was converted to the 
carbide. To accomplish the conversion, approximately .3-.6 grams of the 
niobium oxide precursor was supported on a quartz wool ptag and loaded into 

20 a controUed atmosphere tube furnace of the type described witii reference to 
Example I . A 50:50 volume percent ratio of methane:hydix)gen was used as the 
rcactant gas at a flow rate of 2,000 ccm. The sample was ballisticaUy heated 
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fix)m room temperature to SWC over 30 minutes. The sample was then heated 
at 180°C/hour to a peak temperature of SOC^C. The sample was then cooled to 
room temperature and passivated under a flowuig 1 % mixture of oxygen and 
helium for one hour. X-ray diffraction analysis of this product indicated NbC 
5 as the only crystalline constituent, and sorption analysis indicated a surface area 
of 80 mVg with a broad distribution of pore sizes with a substantial proportion 
of the pores being in the range of 2 nm to 100 nm. 
Example 3 

In this example niobium carbide was prepared from niobium oxide via 
10 a nitride intermediate. In first stage of the preparation, niobium oxide was 
prepared as detailed in £xanq)Ie 1, and in a second stage reaction, this oxide was 
converted to the nitride, also in accord with Example 1 procedure. The thus 
prepared nitride was converted to carbide by a temperature programmed 
reaction, carried out in an apparatus as described with reference to previous 
IS examples, utilizing an equimolar mixture of methane and hydrogen at a flow 
rate of 200 ccm. The sample was heated from room temperature to SOO^'C at 
dO'^C/hour in the methane-hydrogen mixture, and held at SOO^'C for 30 minutes 
under pure hydrogen, at a flow rate of 100 ccm. The material was cooled to 
room temperature and passivated with a 1 % mixture of oxygen in helium for 
20 one hour. X-ray diffraction analysis of this product indicated NbC as the only 
crystalline constituent. Sorption analysis indicated a surface area of 1 12 m^/g 
witti a substantial fraction of the pores haviiig a diameter larger than 10 nm, and 
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a peak in the pore size distribution at 90-100 rnn. It has been found that when 
niobium carbides are formed from an oxide, via an intermediate nitride, the thus 
produced materials have more beneficial microstmctones than do carbides 
produced directly from the oxides. 
S Example 4 

In this example, vanadium nitride was prepared in an induect process 
from a vanadium oxide desigel. In a first stage, vanadium oxide gels were 
prepared utilizing vanadium n-propoxide (VOiOC^,)^). The solvent was n- 
propanol, and it was present in a molar ratio of approximately 21:1 with the 
10 vanadium alkoxide. Water, in a molar amoum of 3:1 with the alkoxide was 
used as the reagent. As in the previous examples, the alkoxide was dissolved 
in approximately half of the alcohol and the remaining portion used to dUute the 
water. The water solution was slowly added to the precursor solution while 
stirriiig, and under these conditions tiie solution turned into a dark orange gel at 
room temperature witiun a few minutes. The n-propanol was supercriticaUy 
exti^cted in a 300 ml Parr pressure vessel at 250'"C and 1500 psi witii 
approxhnaiety 150 ml of excess cthanol. The surface area of tiie tims produced 
vanadhmi oxide desigel was greater tiian 300 mVg witii a peak in die poie size 
distribution at 20-30 nm. 

'"«^'«na<*«™<>w<te was converted to tiie nitiideum^ 
and apparatus of tiie previous examples. Approximately . 1 gram of tiie oxide 
was packed onto a quartz wool plug and supported on a frit inside tiie tube. 



15 
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Ammonia, at a space velocity in excess of 2,000 com, was flowed through the 
tube, and the reactants heated to the final reaction temperature of 660**C at a 
heating rate of 60**C/hour, and held at final reaction temperature for 1 hour. 
The materials were then cooled to room temperature and passivated in a 1 % 
5 oxygen in helium atmosphere which was flowed therethrough at the rate of 50 
ccm for 1 hour. X-ray diffraction was used to confirm that the only crystalline 
phase present in the product was vanadium nitride, and the data from this 
measurement is presented herewith in Figure 3, Sorption analysis yielded a 
single point BET surface area of approximately 200 m^/g, and the pore size 

10 distribution had a peak at approximately 50 nm as is shown in Figure 4. 
Electrodes were prqiared from this material and further evaluated in an 
ultracapacitor configuration, and were found to have a charge storage capacity 
of 54 F/g and were stable over 650 mV in 4.5 M sulfuric acid electrolyte. 
Figure 5 is a Nyquist plot for the thus prepared vanadian nitride material. The 

15 plot was developed for a device based on three pairs of 350 mg electrodes which 
were 0,75 inches in diameter. The plot is consistent with an electrode having 
both high capacitance and a porous network. The knee of the Figure 5 curve, 
designated by point P, represents the response at 0.35 Hz. 

20 In this example, electrodes were prepared from the high surface area, 

mesoporous niobium carbide matmal previously described. In order to prepare 
the electrodes, the powder was mbced with approximately 10% by weight of a 
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powdered Tenon binder disposed in an aqueous suspension. The 
electrode/binder mixture was blended for 2 minutes in a laboratory blender and 
a small amount of isopropanol was added as needed to maintain liquid 
consistency. Tlie electrode/binder mixture was separated from the liquid phase 
5 by filtration, and the resultant material kneaded and rolled into progressively 
thinner cakes eventually forming a layer of approximately 0.010 to 0.015 inch 
thickness. A nickel mesh current collector was pressed into the layer and the 
mesh/electrode/binder assembly was consolidated by uniaxial pressing at 
approximately 10,000 psi. The resulting electrode was dried approximately 6 
10 hours at 120''C to remove water and isopropanol. 

The thus produced electrode was evaluated by cyclic voltammetry to 
determine its char;ge storage capacitance and electrochemical stabUity in 4.5 M 
sulfuric acid electrolyte. The capacitance was found to be^^proxhnately 26 F/g 

of electrode material with a stability window of 1.0 V. 
15 Example IS 

In this example, an electrode is prepared directly upon a substrate by 
coating the substrate with a gel prior to solvent exttaction. SpecificaUy , a nickel 
foil was dipped into a vanadium alkoxide gel generally similar to that of 
Exanq)le 4, so as to produce a uniform two sided coating. The coated substrate 
20 was then supacritically extiacted as previously described to produce a uniform 
vanadium oxide desigel coating on the substrate. The desigel coating on tiie 
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substrate is then converted from the oxide to the nitride by reaction with 
ammonia as previously described. 

It should be noted that this electrode fabrication piocess may also be 
carried out with a direct synthesis methodology of the type which will be 
5 described hereinbelow. Also, it should be noted that multiple dips may be 
employed to build up a thicker layer thereupon. 
Example 7 

In this example, electrodes are prepared by casting a gel onto a suppon 
substrate. Casting is accomplished by the use of a simple mold which holds the 

10 gel on the substrate and permits a controlled thickness to be retained thereby. 
By ^ropriately configurii^ the mold, a support substrate may be embedded in 
a block of gel so that both sides are coated with the mesoporous material once 
solvent extraction has been accomplidied. Again, tfiis process may be carried 
out with both the direct and indirect synthetic methods of the present invention, 

15 and in this procedure, as m the other procedures, the electtode substrates may 
comprise foils, mesh or other such bodies. 
Example « 

In this example, a titanium nitride xerogel was directly synthesized. The 
starting material comprised t^nikis(dietl9lamino)titanium and n-butylamine was 
20 the aminolysis reagent as well as the primary solvent. The material was 
prepared under a nitrogen atmosphere, in a Schlenk ^stem. The molar ratio of 
the amine to the amide was approximately 15. Addition of the amine resulted 
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in a precipitate, but the precipitate redissolved when the mixture was heated to 
reflux while under the nitrogen atmosphere. The mixture was cooled to room 
temperature and a portion of the n-butylamine was evaporated under nowing 
nitrogen until the mixture was viscous. The resulting semisolid compound was 
placed in a diybox and allowed to dry under ambient conditions to produce a 
TiN xerogel. The xeiogel was a yellow soUd which was x-ray amorphous, even 
after amiealing at 400-C in nitrogen. The surface area of the material was 
measured after exposure to air and was found to be in the range of 1-10 mVg. 
The average pore sizes of materials prepared in accord with the foregoing was 
found to vary fix,m 8 to 35 nm depending on processing conditions. The 
materials that were not exposed to air prior to sorption analysis had average pore 
sizes of less than or equal to 10 nm while material which was exposed to air had 
an average pore size of approximately 33 mn. 

In this example, titamum nitride aerogels were prepared. Reactants and 
reaction conditions were as in Example 8, except that following gel formation, 
the n-butylamine solvent phase was replaced with n-propylamine which was then 
extracted under supercritical conditions. The solvents were exchanged since n- 
propylamine has a lower critical temperature and pressure (224'»C and 688 psi) 
than n-butylamine. During supercritical extraction, the pressure and 
temperature were increased to just above the critical points and held there for 
about 2 hours, then the aipercritical fluid was incrementally evacuated from the 
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pressure vessel and replaced with dry nitrogen prior to cooling the product to 
room temperature, the resulting extracted gel was aimealed in flowing nitrogen 
at temperatures of up to 400*'C. The titanium nitride aerogel thus produced was 
yellow-brown in color and there was no evidence of contamination by oxygen. 
S The single point BET surface area was 691 mVg, and the sample remained x-ray 
amorphous even after annealing at 400''C in nitrogen. 
Example 10 

In this example, aerogels and xerpgels of zirconium nitride were directly 
prepared. In each instance, a starting gel was prepared from 

10 tetrakis(diethylamino)zirconium as the precursor and n*butylamine as the 
aminolysis reagent and primary solvent. Reaction proceeded as in Example 9, 
and a precipitate formed upon addition of the amine to the amide, but this 
precipitate dissolved on heating. As in the previous example, a portion of the 
solvent was evaporated under flowing nitrogen and the resultant semisolid 

IS material transferred to a drybox for storage. 

Xerogels were prepared by con9)letely evaporating off the solvent under 
subcritical conditions (typically less than IWC and at atmospheric pressure). 
Aerogels were prepared by flrst exchanging the n-butylamine with n- 
propylamine as previously, and then carrying out supercritical extraction as in 

20 the previous example. The resulting aerogel was annealed in flowing nitrogen 
at temperatures of approximately 400''C. 
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The zirconium nitride xerogels had much higher surfaces than the 
corresponding titanium nitride xerogels. ranging from 43 to 134 mVg. Two 
xerogels were prepared and not exposed to air. and it was found that they had 
surface areas of 231 and 236 mVg. All of the 2in:onmm nitride xeix,gels were 
5 x-ray amorphous even after annealing at 400-C, and the average pore sizes were 
generally similar to those obtained in corresponding titamum nitride xerogels. 

The zirconium nitride aerogel was a brown solid which showed no 
evidence of contammation with oxygen. A series of two samples were measured 
and found to be 691 and 695 mVg. and the material remained x^iay amorphous 
1 0 even after annealing at 400'C in nitrogen. 

It has been found that metal alkylamide precursors can be synthesized by 
electrochemical oxidation of metal electrodes in alkylamine or liquid ammonia 
solvents. The products of such electrosynthesis wUl be oUgomeric metal 
amides. As the synthesis proceeds the viscosity of the solution will faicrease as 
the amide concentration increases. Alternatively, the synthesis may be 
interrupted and the solution concentrated by evaporation of solvent. In either 
instance, the solution concentration eventually reaches the point at which a gel 
may be formed, and removal of the solvent can piwhice a high surface area 
desigel. In some instances, this approach will be advantageous insofar as it 
avoids the need to separately obtain precursor alkylammes. Furthcimore, the 
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ammonia solvent is relatively amenable to supercritical extraction, since its 
critical point is closer to ambient than that of many other solvents. 

As noted above, the desigels of the present invention may be fabricated 
to be aerogels, in which instance supercritical extraction is generally required 
5 to preserve the stracture of the material. In those instances where drying is 
accomplished under nonsupercritical conditions, xerogels are generally 
produced. While the xerogels are suitable for a number of applications, in some 
instances, the very high surface area of aerogels is required, and it is 
advantageous to be able to manufacture such materials without the need for the 

10 complicated processing and equipment entailed by supercritical extraction. 

In accord widi the present invention, it has been foimd that the structure 
of the desigels may be significantly improved so as to be, or closely 
ai^roximate, that of an aerogel, if an ai^iopriate support is provided for the gel 
during the drying. It has been found that when the gel is coated onto a high 

15 surface area substrate, siK:h as a substrate which has been textured by etching or 
abrasion, or a substrate which comprises mesh, foam, felt or other high surface 
area member, the resultant desigel will have a very high surface area. While not 
wishing to be bound by speculation, it is postulated that the high surface area 
support matrix retains the gel, by surface attraction, in a manner which 

20 counteracts the surface tension of the solvent within the microstmcture of the gel 
thereby preventing pore collapse during drying. 
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From the foregoing, it wUI be seen that veiy high surface area materials 
may be prepared as desigels of nitrides, caibides. borides and silicides of metals. 
The material may be comprised of a mixture of the metals and/or compounds 
thereof. It should also be noted that the various compounds comprising the 
materials of the present invention may be off stoichiometry , but still be within 
the scope of the invention. These materials typically have a pore size 

distribution such that the maximum thereof is in the lange of 1-100 nm, and this 
makes these materials particularly well suited as electrodes for capacitors, 
batteries, sensors and the like. The foregoing drawmgs, discussion and 
descr^Hion were iUustrative of particular embodiments of the present invention; 
however, ihey are not meant to be limitations upon the practice thereof. In view 
of the teacfaii^ presented herein, numerous modifications and variations will be 
apparent to one of skiU in the art, and all of such are within tiie scope of the 
present invention. It is tiie following claims, including all equivalents, which 
IS define the scope of the invention. 



10 
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Claims 

1 1. A mesoporous, desigel comprising a compound of at least one 

2 metal, said compound selected from the group consisting of: nitrides, carbides, 

3 borides, silicides, and combinations thereof. 

1 2. A desigel as in claim 1, wherein said at least one metal comprises 

2 a transition metal. 

1 3. A desigel as in claim 2, wherein said transition metal is a group 

2 nib-VIIb transition metal. 

1 4. A desigel as in claim 2, wherein said transition metal is a group 

2 rVb-VIb transition metal. 

1 S. A desigel as in claim 1, having a porosiQr in the range of 1-100 

2 nanometers. 

1 6. A desigel as in claim 5, having a porosity in the range of 2-50 

2 nanometers. 

1 7. A desigel as in claim 1, finther inchiding an oxide of said at least 

2 one metal. 
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1 8. A desigel as in claim 1, wherein at least a portion of said desigel 

2 is an aerogel. 

1 9. A desigel as in claim 1. wherein at least a portion of said desigel 

2 is a xerogel. 

1 10. A desigel as in claim 1, having a surface area in the range of 20- 

2 1,000 mVg. 

1 11. A desigel as in clahnl, wherein said at least one metal is a single 

2 metal. 

1 12. A method of making a mesoporous desigel comprising: 

2 providing a solution containing a first compound of a metal; 

3 reacting said first compound in said solution so as to produce a gel 

4 comprised of a network of a second compound of said metal embedded in a 

5 solvent; and 

6 "^raovingsaidsolvertfromthegel while maintaining at least some of the 

7 structure of the network of the second compound, whereby a mesoporous desigel 

8 of said second compound is produced. 
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1 13. A method as in claim 12, wherein said metal is a transition metal. 

1 14. A method as in claim 13, wherein said transition metal is a group 

2 Illb'VIIb transition metal. 

1 15. A method as in claim 13, wherein said transition metal is a group 

2 rVb-VIb transition metal. 

1 16. A method as in claim 12, wherein said second compound is 

2 selected from the group consisting of: oxides, carbides, nitrides, borides, 

3 silicides, and combinations thereof. 

1 17. A method as in claim 12, including the further step of reacting 

2 said mesoporous desigel so as to convert at least a portion of said second 

3 compound to a third compound of said metal. 

1 18. A method as in claim 17, including the further step of reacting 

2 said third compound of said metal so as to produce a fourth compound of said 

3 metal. 

1 19. A method as in claim 17, wherein the step of reacting said desigel 

2 comprises exposing said desigel to a reactive gas at an elevated temperature. 
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1 20. A method as in claim 17, wherein said second compound of said 

2 metal is an oxide, and said third compound of said metal is a nitride. 



1 

2 

I 
2 
3 



3 



1 

2 



21 . A method as in claim 18. wherein said tfaiid con^und of said 
metal is a nitride, and the fourth compound of said metal is a carbide. 

22. A method as in claim 12, wherein said first compound of said 

metal is an alkoxide and wherem flK stq> of reactiiig said first compound in sa 
solution comprises hydrolyzing said first compound so as to produce a second 



4 con^und which is an oxide. 



1 23. A method as in claim 12, wherein said first compound is 

2 alkylamide and wherein the step of reacting said first compound in a solution 
comprises reacting said first compound with ammonia or an amine so as to 



an 



4 produce a second compound which is a nitride. 



24. A method as in claim 23. including the further step of 
electrochemically generating said alkylamide in said solution by reacting a metal 



3 electrode witii ammonia or an amine. 
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1 25. A method as in claim 12, including the further step of disposing 

2 said desigel on a support member. 

1 26. A method as in claim 25, wherein the step of disposing said 

2 desigel on a support member comprises coating said support member with the 

3 gel prior to the step of removing the solvent from the gel. 

1 27. An electrical device of the type comprising a first electrode, a 

2 second electrode spaced from said first electrode, and an electrolyte disposed 

3 therebetween, the improvement comprising in combination: 

4 at least one of said electrodes including a mesoporous desigel comprised 

5 of a compound of at least one metal, said compound selected from the group 

6 consisting of: nitrides, carbides, borides, silicides, and combinations thereof. 

1 28. An electrical device as in claim 27, wherein said at least one 

2 metal is a transition metal. 

1 29. An electrical device as in claim 28, wherein said transition metal 

2 is a group mb-VIIb transition metal. 

1 30. An electrical device as in claim 28, wherein said transition metal 

2 is a group IVb-VIb transition metal. 
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J 31. An electrical device as in claim 27. wherein said device 

2 comprises a capacitor. 

J 32. An electrical device as in claim 27. wherein said device 

2 comprises an electrochemical cell. 
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HIGH SURFACE AREA MESOPOROUS DESIGEL 
MATERIALS AND METHODS FOR thftk FA g RfrATiON? 

Related Appiifafjjftn 
This application claims the priority of provisional patent application 
5 60/006,095 filed October 31. 1995. 

Field nf the Tnv^i^ljft^ 
This invention relates to high surface area materials, and particularly to 
mesoporous desigel materials obtained by the removal of solvent from gels. 
More specifically the invention relates to mesoporous desigel materials 
10 comprised of nitrides, carbides, borides and/or silicides of metals as well as to 
methods for the fabrication of the materials and to devices incorporating the 
materials. 

Backffroiind nf the Invenrini^ 
Surface area is an in^rtant, if not necessary property of materials used 
15 in a number of devices such as capacitors, iiK:luding ultracapacitors. 
supercapacitors and pseudocapacitors. as well as batteries, catalysts, fuel cells 
and sensors. Therefore, there is a need for high surface area materials which 
are electricaDy conductive and which can be configured into electrodes for such 
devices. Additionally, the material should be physically and chemically stable 
20 and easy to fabricate. 

Temperature programmed reactions have been previously employed for 
the production of high surface area metal nitride and carbide materials. In such 
processes, carefully controlled reaction conditions are used to convert 
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appropriate precursors into carbides or nitrides. In order to succeed, this 
approach requires that the nitride or carbide have a higher mass density than the 
precursor, and since only selected materials meet this criterion, the technique is 
of limited utility. 

Another approach to fabrication of high surface electrodes involves 
consolidation of very fine powders generated by processes such as ball milling 
or plasma spray. This approach is complicated by the difficulty of controUing 
particle size and surface contamination. In addition, particle aggregation can 
lead to difficulties in processing of the materials, and the milling processes 
themselves can be very time and energy consuming when hard, refractory 
compounds such as metal nitrides, carbides, borides or silicides are being 
prepared. It has been found that the electrical performance of devices based on 
«»isolidated powders is often limited by inteiparticle electrical resistance, and 
this requires die addition of conductivi^ enhancing additives or specialized 
processing steps. 

Another approach to the fabrication of high surface area materials 
involves the chemical or electrochemical etching of metals to produce textured 
metal or metal oxide surfaces. Since tiiis is a subtractive process, it generates 
a waste metal solution, giving rise to economical and ecological problems. 
Additionally, etdiing techniques often do not afford good control of 
microstructure. and such processes are Qpically limited to the fabrication of 
relatively thin surface layers. 
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A number of gel based techniques have been investigated in connection 
with the preparation of high surface area materials. As is known, a gel is 
comprised of a three-dimensional matrix or network of a first material disposed 
in a solvent. If the solvent is appropriately removed from the gel, a high 
5 surface area material, defined by the matrix, will be produced. The problem in 
implementation of this technique is Aat the matrix will often collapse, as a result 
of rapid or uncontrolled drying and/or surface tension produced by the solvent 
within the pores of the matrix. It has been found that the matrix may be 
substantially preserved if such forces are minimized, for example by use of 
10 supercritical extraction techniques wherein the solvent is removed while in its 
supercritical state thereby eliminating surface tension. In otiier instances, it has 
been found that by appropriate choice of materials, solvents and diyiiig 
conditions, the mati^ix may be preserved even when ttie solvent is not 
supercritically extracted. 
15 When tiie gel matrix is substantially preserved, tiie resultant material is 

termed an aerogel, since it can be considered to comprise a gel m which the 
solvent has been replaced by tiie ambient atmosphere. In otiier instances, drying 
of the gel win result In some collapse of the matrix structure, and such materials 
are generally referred to in tiie art as xerogels. GeneraUy, high surface area 
matenals prqjated by diyii^g of gels may comprise aerogel and xerogel domains, 
and witiiin tiie context of tiiis disclosure all such materials based upon dried 
gels, be tiiey aerogels, xerogels or mixtures, are referred to herein as desigels. 



20 
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As wOl be <tescribed hereinbelow, the materials of primary interest in the 
present invention are those desigel materials having pore sizes in the range of 
1-100 nanometers, and in a preferred embodiment, 2-50 nanometers. Within 
the context of this disclosure, such materials are referred to as mesoporous 
materials so as to differentiate them from those in which the pore size is 
primarily smaller or larger. It is to be understood that in some instances, a 
mesoporous material may also include some finer or coarser pored structure, 
although the dominant pore feamres, in terms of material properties and 
performance will be m die mesoporous range, and all sudi materials are referred 
to herein as mesoix>rous. 

A large body of work has been carried out directed to tiie preparation of 
oxide based aerogels, primarily involving oxides of silicon, titanium or 
aluminum which are employed for thomal insulation. Such materials axe of 
very low electrical conductivity, and are not suitable for electrode application 
wittiout subsequent processing. One approach to the fabrication of high surface 
electrodes from aerogel based materials mvolves the use of an oxide based 
aerogel as a tenq>late for the growth of an electrically conductive tungsten 
carbide film dim%qx>n by thermal decomposition of tungsten carbonyl upon the 
oxide aerogel surface. Hiis process is time and labor intensive, and since the 
bulk of the resultant material is still oxide, the gravimetric and volumetric 
efficiency of electrodes pro<biced thereby is low. Another approach to the 
fabrication of high surface area electrodes involves the preparation of carbon 
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based aerogel and xerogel electrodes from polymer gels which are dried and 
pyrolyzed. Electrodes of this type are disclosed, for example in U.S. Patent 
5,529,971. While materials thus produced have veiy high surface areas, high 
processing temperatures are required, and this limits the utility of the process. 
5 Also the carbon has a fairly low electrical conductivity, and devices such as 
capacitors and batteries produced therefrom have a low energy density. 

It would be desirable to fabricate high surface area desigel based material 
from high efficiency electrode materials such as transition metal carbides, 
nitrides, borides and silicides. As will be described hereinbelow, the present 

10 invention provides for the manufacmre of mesoporous, metal based, desigel 
materials by a process which is simple and economical to implement. These 
materials have utiUty as electrodes for batteries, capacitors, electrochemical cells 
and the like. They also may be employed as catalysts including electrocatalysts 
as well as ncmelectrocatalysts, and have utility in sensor devices and the like. 

15 These and other advantages will be readily apparent from the drawings, 
discussion and description whidi follow. 

Brief Deficriirtion of thft Inv«>n»inn 
There is disclosed herein a mesoporous desigel. The desigel is fabricated 
from metallic nitrides, carbides, borides and silicides either singly or in 

20 combination. The desigel material is preferably fabricated from a transition 
metal, and preferably a group Dlb to group VHb metal, with the group IVb to 
VIb metal beii^ most preferred. The pore size of die material is typically in the 
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range of 1-100 nanometers, and in a q)ecific embodiment is in the range of 2-50 
nanometers. The desigel comprises aerogel and/or xerogel materials, and 
preferably has a surface area in the range of 20-1 ,000 square meters per gram. 
The present invention is directed to a method for making the 
5 mesoporous, desigel. In accord with the method, a solution contaming a first 
compound of a metal is reacted, as for example by hydrolysis or aminolysis to 
produce a second compound of that metal. The reaction is carried out in 
solution so that a gel is produced which is comprised of a network of the second 
compound of the metal embedded m the solvent. The solvent is then removed 

10 from the gel while maintaining at least some of the structure of the network, and 
in this manner a mesoporous desigel is produced. In some instances, the solvent 
may be removed by supercritical extraction. 

In accord with die present invention, the desigel produced by this process 
may be further reacted to change its character. For example, tfie desigel may 

IS originally be an oxide based material and it may be reacted with a nitrogen or 
caifoon containing gas to convert it to tfie carbide, nitride, silicide or boride of 
the metal. The desigel material may be directly fabricated onto a support 
monber so as to provide a finished electrode, or die material may be fabricated 
in bulk and subsequently affixed to an electrode support. 

20 In accord with specific embodunents of the present invention there is 

provided an electrical device, such as a capacitor, batteiy , electrochemical cell 
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or the like in which at least one of the electrodes is fabricated from the desigel 
material of the present invention. 

Brief Pesrrintion nf th^ f^rawinigs 
Figure 1 is a flow chart illustrating the basic steps in a process for the 
5 fabrication of the materials of the present invention; 

Figure 2 is a flow chart aiustiating the steps for the conversion of a first 
desigel material fabricated in accord with the present invention to a second 
desigel material; 

Figure 3 is a depiction of the x-ray diffraction pattern for a particular 
10 vanadium nitride desigel made in accord with the present invention; 

Figure 4 is a graphic representation of the pore size disEributioirof the ~ 
vanadium nitride material of Figure 3; and 

Figure 5 is a Nyquist plot for the vanadium nitride sample of Figures 3 

and 4. 

Detailed l>f>scrintinn nf th e Inv«.iirtn» 
The present invention is dkected to mesoporous materials based upon 
desigels. The materials have good electrical conductivity and are 
advantageously employed as electrodes for clearochemical energy storage and 
conversion, as weU as for other applications. The materials are based upon 
nitrides, carbides, boridcs and siUcides of metals taken eitiier singly or in 
combination. Preferred metals are the transition metals, wifli the early ti^ansition 
metals, namely those of groups mb to VUb. being particularly preferred, and 
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tbe metals of groups IVb to VIb being most preferred. It should be noted that 
various conventions have been employed in connection with the designation of 
the various groups of the periodic table, and within the context of this disclosure 
groups lUb-VIIb all comprise transition metals. As described above, these 
materials are mesoporous and have very high surface areas, ^ically in the 
range of 20 to 1,000 mVg. 

Within the context of flje presem invention, these electrically conductive 
desigel materials may be prepared by a direct process wherein a gel of the 
desired material is prepared and subsequently dried to produce a desigel; 
alternatively, the materials may be prepared by an mdirect process wheiem a 
desigel of a first material is prq>ared and subsequently converted to the desired 
mesoporous material by one or more treatment steps. The synthesis of the 
matmals of the present mvention will be explained generally with reference to 
Figures 1 and 2 hereinbelow, and specific, illustrative examples will follow. 

Referring now to Figure 1, there is shown a flow chart illustrating the 
basic steps in the preparation of the material of the present invention. In the 
first step of the process, a metal compound, designated metal compound 1 
(MCI) is dissolved in a solvent. In a second step, a reagent is added to the 
solution and reacts with MCI to convert it to a gel of a second conq>ound of the 
metal (MC2). This gel is comprised of a network of MC2 embedded in the 
scdvent. In die third step, the mlvent is extracted fit)m the gel so as to yield the 
desigel. As noted above, the solvent may be removed by a supercritical 
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extraction, in which instance a material which is primarily an aerogel will be 
prepared. Alternatively, nonsupercritical drying may be employed, and such 
materials are typically xerogeis, although some aerogel material may be 
produced under such circumstances. 

If a direct synthesis method is employed, the desigel which is the icsult 
of die Figure 1 procedure is the finished product. However, in some instances 
it may be desirable to convert die dnis fabricated desigel to a mesoporoos desigel 
of a diiferem c<Mnposition. A conversion process of this type is illustrated with 
reference to Figure 2. 

Shown in Figure 2 is a flow chart of a conversion process wherein the 
desigel of MC2 is further reacted with a conversion reagem to convert it into a 
desigel of metal conq[x>und 3 (MC3). A process of this type may be employed, 
for example, to convert a metal oxide desigel into a metal nitride, carbide, 
boride or silicide desigel, or to convert a nitride desigel into a carbide desigel. 
Clearly, still further conversion steps yielding further desigels of metal 
compounds (e.g., MC4, MC5) may be hnplemented witfiin the scope of this 
invention. 

The exact reagents and reaction conditions enq>loyed in the processes 
illustrated in Figures 1 and 2 will depend upon the materials being prepared. 
For example, if an oxide based desigel is being prepared in the Figure 1 
process. MCI may ccnnprise a metal alkoxide such as, for exanq>le, a metal 
ethoxide. A Qrpical solvent in this case would be an alcohol such as ethanol. 
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The conversion reagent in this instance will preferably comprise water, or some 
other such solvent capable of hydrolyzing the alkoxide. Typically, the reaction 
is carried out under highly dilute conditions, and a small amount of acid or base 
is generally added to catalyze the hydrolysis. Under such reaction conditions. 
5 flie metal alkoxide will hydrolyze and condense to form a gel in which the water 
and alcohol comprise the solvent Extraction of the solvent yields a metal oxide 
desigel. The electrical conductivity of most oxide materials is too low for most 
electrode applications, and in accord with the present invention the oxide 
material is converted to a more conductive material such as a carbide, nitride. 

10 silicide or boride. by means of a conversion reagent. For example, the oxide 
may be converted to a nitride by treating it with ammonia or the like at elevated 
temperatures. Likewise, a nitride may be converted to a carbide by treatment 
with a carbon containing gas such as methane. SimUar reaaions may be carried 
out using silanes or boranes as conversion reagents. 

IS In a direct synthesis process. MCI is a material which is capable of 

direcdy reacting in solution to yield the desired final product. iFor example, it 
has been found that metal all^l amide precursors may be reaaed with ammonia 
or an amme to produce a gel of the metal nitride which can be dried to produce 
the mesoporous mat^ial. In some instances. MCI can be generated and reacted 

20 insituotoformMC2. as for exaniple by electrochemk:al synthesis of MCI from 
a metal electrode disposed in an appropriate solvent/reagent mixture. 
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Experimental 

The principles of the present invention will be iUustrated with reference 
to the following nonlimiting examples. 
Exampip 1 

5 In this example, a mesoporous niobium nitride material was prepared by 

an indirect process. In die first stage of the process a niobium oxide desigel was 
prepared from niobium ethoxide (Nb(CX:^5). TTie prqaration was carried out 
in an ethanol solvent, which b present in a molar amount of approximately 40: 1 
to the niobium ethoxide. Water, at a molar ratio of approximately 5:1 to the 

10 niobium ethoxide, was utilized as the reactant. The niobium ethoxide was 
dissolved in approximately half of the alcohol and the lemauiing portion used 
to dilute the water. The water soluti<»i was slowly added to the precursor 
solution while stirring. A small amount of acid was added to catalyze the 
hydrolysis and condensation reactions. Under these conditions, the solution 

15 tunwd to a clear gel at room temperature within a few minutes. The ethanol 
was supercritically extracted in a 300 ml Parr pressure vessel at 270"C and 
1,^ psi. This resulted in the production of a niobium oxide aerogel haviiig a 
anfece area in excess of 400 m^/g and a peak in the pore size distribution at 30- 
50 nm. 

2® In a second stage of this eiq)eriment, the oxide was converted to a 

nitride. This conversion was accomplished by placing the niobium oxide 
material onto a quartz wool plug which was supported on a frit inside a reactor 

BNSnSCIO: <VI«3 97ie24SA1_M> 



wo 97/16245 



PCt/US96n7620 



12 

which was comprised of an approximately 1 inch diameter fused silica tube. 
The tube was placed in a furnace, which was controlled by a programmable 
temperature controller, and annnonia was passed through the tube. The 
ammonia gas flow rate was adjusted to a flow rate of 200 ccm and the nitride 
5 material was prepared by heating the reactants from room temperature to the 
final reaction temperature of VOO^'C at a heating rate of eO^'C per hour. The 
ma^rials were held at the final reaction temperature for oiie hour and then 
cooled to room temperature and passivated by flowing a mixture of 
approximately 1% oxygen in helium, at a rate of 50 ccm of the mixture for 1 
10 hour. X-ray dif&action analysis confirmed that the only crystalline phase 
present in Oie final product was NbN. Sorption analysis yielded a single point 
BET surface area of 134 n^/g for this material. The pore size distribution peak 
was in the range of 80-100 nm. 
Exmnpte 2 

IS In this example, niobium carbide material was prepared by an indirect 

process. In a first stage of the preparation, niobium oxide was prepared as 
described above, and in a second stage reaction, the oxide was converted to the 
carbide. To accomplish the conversion, approximately .3-.6 grams of the 
niobium oxide precursor was supported on a quartz wool plug and loaded into 

20 a controlled atmosphere mbe furnace of the type described with reference to 
Exanq[>Ie 1. A 50:50 volume pment ratio of methane:hydrogen was used as the 
reactant gas at a flow rate of 2,000 ccm. The sample was ballistically heated 
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from room temperature to 300»C over 30 minutes. The sample was then heated 
at 180-C/hour to a peak temperature of SOO^C. The sample was then cooled to 
room temperature and passivated under a flowing 1% mixture of oxygen and 
helium for one hour. X-ray diffraction analysis of this product indicated NbC 
5 as the only crystalline constituent, and sorption analysis indicated a surface area 
of 80 m^/g with a broad distribution of pore sizes with a substantial proportion 
of the pores being in the range of 2 nm to 100 nm. 
Example 3 

In this example niobium caitide was prepared ftom niobhmi oxide via 
10 a nitride intermediate. In first stage of the preparation, niobhmi oxide was 
prepared as detaUed in Example 1, and in a second stage leaction. this oxide was 
converted to the nitride, also in accord with Example 1 piocedure. The thus 
prepared nitride was converted to carbide by a temperatui« programmed 
reaction, carried out in an apparatus as described with leference to previous 
1 5 examples, utilizing an equimolar mixture of methane and hydrogen at a flow 
rate of 200 ccm. The sample was heated flpom room temperatuie to SOCC at 
60'*C/hour in the mefliane-hydrogen mixture, and held at 800'C for 30 minutes 
under pure hydrogen, at a flow rate of 100 ccm. The material was cooled to 
room temperature and passivated with a 1 % mixture of oxygen in helium for 
20 one hour. X-ray diffraction analysis of this product indicated NbC as the only 
crystalline constituent. Sorption analysis indicated a surface area of 1 12 mVg 
with a substantial fiaction of the pores having a diameter larger than 10 nm, and 
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a peak in the pore size distribution at 90-100 ran. It has been found that when 
niobium carbides are formed from an oxide, via an intermediate nitride, the thus 
produced materials have more beneficial microstractures than do carbides 
produced directly from the oxides. 
5 Example 4 

In this example, vanadium nitride was prepared in an indirect process 
from a vanadium oxide desigeL In a first stage, vanadiimi oxide gels were 
prepared utilizing vanadium n-propoxide (VOiOC^H^)^), The solvent was n- 
propanol, and it was present in a molar ratio of approximately 21:1 with the 

10 vanadium alkoxide. Water, in a molar amount of 3:1 with the alkoxide was 
used as tte reagent. As in the previous exanq>les, the alkoxide was dissolved 
in approximately half of the alcc^ol and the remaining portion used to dilute the 
water. The water solutiori was slowly added to the precursor solution while 
stirring, and imd^ diese conditions the solution turned into a dark orange gel at 

IS room tenq^erature within a few minutes. The n-propanol was siqmrcritically 
extracted in a 3(X) ml Parr pressure vessel at 2S0''C aiKi 1500 psi with 
approximately 150 ml of excess elhanoL The surface area of the thus produced 
vanadium oxide desigel was greater than 300 mVg with a peak in the pore size 
distribution at 20-30 nm. 

20 The vanadium oxide was converted to the nitride utilizing the prxx:edure 

and apparatus of the previous examples. Approximately . 1 gram of the oxide 
was packed onto a quartz wool plug and supported on a frit inside the tube. 
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Ammonia, at a space velocity in excess of 2,000 ccm, was flowed through the 
tube, and the reactants heated to the final reaction temperature of 660°C at a 
heating rate of 60°C/hour, and held at final reaction temperature for 1 hour. 
The materials were then cooled to room temperature and passivated in a 1% 
ojQTgen in helium atmosphere which was flowed therethrough at the rate of 50 
ccm for 1 hour. X-ray diffraction was used to confirm that the only crystalline 
phase present in the product was vanadium niu4de, and the data from this 
measurement is presented herewith in Figure 3. Sorption analysis yielded a 
single point BET surface area of approximately 200 mVg, and the pore size 
distribution had a peak at approximately 50 nm as is shown in Figure 4.. 
Electrodes were prepared from this material and further evaluated in an 
uhrac^>acitor configuration, and were found to have a charge storage capacity 
of 54 F/g and were stable over 650 mV in 4.5 M sulfuric acid electrolyte. 
Figure 5 is a Nyquist plot for the thus prepared vanadian nitride material. The 
plot was developed for a device based on three pairs of 350 mg electrodes which 
were 0.75 inches in diameter. The plot is consistent with an electrode having 
both high c^citance and a porous network. The knee of the Figure 5 curve, 
designated by point P, rq)resents die response at 0.35 Hz. 
Example 5 

In tfiis example, electrodes were prepared from the high surface area, 
mesoporous niobium carbide material previously described. In order to prepare 
tile electrodes, the powder was mixed with approximately 10% by weight of a 
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powdered Teflon binder disposed in an aqueous suspension. The 
electrode/binder mixture was blended for 2 minutes in a laboratory blender and 
a small amount of isopropanol was added as needed to maintain liquid 
consistency. The electrode/binder mixture was separated from the liquid phase 
by filtration, and the resultant material kneaded and rolled mto progressively 
thinner cakes eventually forming a layer of approximately 0.010 to 0.015 inch 
thickness. A nickel mesh current collector was pressed into the layer and the 
mesh/electrode/binder assembly was consolidated by uniaxial pressing at 
approximately 10,000 psi. The resulting electrode was dried approximately 6 
hours at 120^C to remove water and isopropanol. 

The thus produced electrode was evaluated by cyclic voltammetry to 
determine its charge storage capacitance and electrochemical stability in 4.5 M 
suliuric acki electrolyte. The capacitance was found to be ^proximately 26 F/g 
of electrode material with a stability wmdow of 1 .0 V. 

In diis example, an electrode is prepared directly upon a substrate by 
coating the substrate with a gel prior to solvent extraction. Specifically, a nickel 
foil was dipped into a vanadium alkoxide gel generally similar to that of 
Exanq>le 4, so as to produce a unifomi two sided coating. The coated substrate 
was tiien siqiercritically extracted as previously described to produce a uniform 
vanadium oxide desigel coating on the substrate. The desigel coating on the 
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substrate is then converted from the oxide to the nitride by reaction with 
ammonia as previously described. 

It should be noted that this electrode fabrication process may also be 
carried out with a direct synthesis mediodology of the type which will be 
described hereinbelow. Also, it should be noted that multiple dips may be 
enq)loyed to build up a thicker layer thereupon. 
ExamplP 7 

In diis example, electrodes are prepared by casting a gel onto a support 
substrate. Casting is accomplished by the use of a simple mold which holds the 
gel on the substrate and permits a conttolled thickness to be retained thereby. 
By appropriately configuring the mold, a support substiate may be embedded in 
a block of gel so that botii sides are coated witii the mesoporous material once 
solvent extraction has been accomplished. Again, tiiis process may be carried 
out with both the direct and indirect synthetic methods of tiie present invention, 
and in this procedure, as in the other procedures, the electrode substrates may 
conqirise foils, mesh <»■ other such bodies. 

In this example, a titanium nitride xerogel was diiecUy synthesized. The 
starting material comprised tetiakis(diethylamino)titanhmi and n-butylamine was 
the aminolysis reagent as well as the primary solvent. The material was 
prq)ared under a nitrogen atmosphere, in a Schlenk system. The molar ratio of 
the amine to the amide was approximately 15. Addition of the amine resulted 
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in a precipitate, but the precipitate redissolved when the mixture was heated to 
reflux while under the nitrogen atoiosphere. The mixture was cooled to room 
temperature and a portion of the n-butylamine was evaporated under flowing 
nitrogen until the mixture was viscous. The resulting semisolid compound was 
5 placed in a diybox and allowed to dry under ambient conditions to piwiuce a 
UN xerogel. The x&mgel was a yellow solid which was x-ray amorphous, even 
after annealing at 400°C in nitrogen. The surface area of the material was 
measured after exposure to air and was found to be in the range of 1-10 mVg. 
The average pore sizes of materials prepared in accord with the foregoing was 
10 found to vary from 8 to 35 nm depending on processing conditions. The 
materials that were not exposed to ah" prior to sraption analysis had average pore 
sizes of less than or equal to 10 nm while material which was exposed to air had 
an average pore size of approxunately 33 nm. 
Example 9 

^5 In this example, titanium nitride aerogels were prq>ared. Reactants and 

reaction ccHiditions were as in Exanq>le 8, except ttiat following gel formation, 
tte n-butylamine solvem phase was replaced widi n-propylamine which was then 
extracted under siq)at3itical conditions. The solvoits were exchanged since n- 
prq>ylamine has a lower critical temperature and pressure (224'*C and 688 psi) 

20 than n-butylamine. During supercritical extraction, the piessure and 
tenqjerature were increased to just above the critical points and held there for 
about 2 hours, then the siq)eraitical fluid was incrementally evacuated ftom the 
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pressure vessel and replaced with dry nitrogen prior to cooling the product to 
room temperature. The resulting extracted gel was annealed in flowing nitrogen 
at temperatures of up to 400°C. The titanium nitride aerogel thus produced was 
yeUow-brown in color and there was no evidence of contamination by oxygen. 
The single point BET surface area was 691 mVg. and the sample remained x-iay 
amorphous even after annealing at 400''C in nitrogen. 
Example 1ft 

In this example, aerogels and xerogels of zirconium nitride were direcUy 
prepared. In each instance, a starting gel was prepared from 
tetrakis(diethylamino)zirconium as the precursor and n-butylamine as the 
aminolysis reagent and primary solvent. Reaction proceeded as in Example 9, 
and a precipitate formed upon addition of the amine to the amide, but this 
precipitate dissolved on heating. As in the previous example, a portion of the 
solvent was evaporated under flowing nitrogen and the resultant semisolid 
1 5 material transferred to a dtybox for storage. 

Xerogels were piqiared by completely evaporating off the solvem under 
subcritical conditions (typically less than lOO'C and at atmospheric pressure). 
Aerogels were prepared by first exchanging the n-butylamine with n- 
propylamine as previously, and then carrying out supercritical extraction as in 
20 the previous example. The resulting aerogel was annealed in flowing niutjgen 
at temperatures of approximately 400'C. 
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The ziiconium nitride xerogels had much higher surfaces than the 
corresponding titanium nitride xerogels, ranging from 43 to 134 m^/g. Two 
xerogels were prepared and not exposed to air, and it was found that they had 
surface areas of 231 and 236 m^/g. All of the zirconium nitride xerogels were 
5 x-ray amorphous even after annealmg at 400**C, and ibo average pore sizes were 
generally similar to those obtained in corresponding titanium nitride xerogels. 

The zirconium nitride aerogel was a brown solid which showed no 
evidence of contamination with oxygen. A series of two sanq)les were measured 
and found to be 691 and 695 mVg, atKl the material remained x-ray amoiphous 
10 even after annealing at 400 ''C in nitrogen. 
Example 11 

It has been found that metal alkylamide precursors can be synthesized by 
electrochemical oxidation of metal electrodes in alkylamine or liquid ammonia 
solvents. The products of such electrosynthesis will be oligomeric metal 

1 S amides. As the qmthesis proceeds the viscosity of the solution will increase as 
the amide concentration increases. Alternatively, the synttesis may be 
interrupted and the solution concentrated by evaporation of solvent. In either 
instance, the solution concentration eventually reaches the point at which a gel 
may be formed, aiKl removal of the solvent can produce a high surface area 

20 desigel. In some instances, this approach will be advantageous insofar as it 
avoids the need to separately obtain precursor alkylamines. Furthermore, the 
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ammonia solvent is relatively amenable to supercritical extraction, since its 
critical point is closer to ambient than that of many other solvents. 

As noted above, the desigels of the present invention may be fabricated 
to be aerogels, in which instance supercritical extraction is generally required 
to preserve the stmcnire of the material. In those instances where drying is 
accomplished under nonsupercritical conditions, xeiogels are geneially 
produced. While the xerogels are suitable for a number of appUcations, in some 
instances, the very high surface area of aerogels is required, and it is 
advantageous to be able to manufacture such materials without the need for the 
compUcated processing and equipment entaUed by supercritical extraction. 

In accord with die present invention, it has been found that the strucnire 
of the desigels may be significantly improved so as to be, or closely 
^proxfanate, that of an aerogel, if an appropriate support is provided for the gel 
during the drying. It has been found that when the gel is coated onto a high 
surface area substrate, such as a substrate which has been textured by etching or 
abrasion, or a substrate which comprises mesh, foam, felt or other high surface 
area member, the resultant desigel will have a very high surface area. While not 
wishmg to be bound by speculation, it is postulated that the high surface area 
support matrix retains the gel. by surface attraction, m a manner which 
counteracts the sur&ce tension of the solvent within the microstructure of the gel 
thereby preventing pore collapse during drying. 
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From the foregoing, it will be seen that very high surface area materials 
may be prepared as desigels of nitrides, caibides, borides and silicides of metals. 
The material may be comprised of a mixture of the metals and/or compounds 
thereof. It should also be noted that the various compounds comprising the 
5 materials of the present invention may be off stoichiometry, but still be within 
the scope of the invention. These materials typically have a pore size 
distribution such that the maximum thereof is in the range of 1-100 nm, and this 
makes these materials particularly well suited as electrodes for capacitors, 
batteries, sensors and the like. The foregoing drawings, discussion and 

10 descrq)tion were ilhistrative of particular embodiments of the present invention; 
however, they are not meant to be limitations i^>on the practice thereof. In view 
of the teaching presented terein, numerous modifications and variations will be 
apparent to one of skill in the art, and all of such are within the scope of the 
present invention. It is the following claims, including all equivalents, which 

IS define the scope of the invention. 
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1 LA mesoporous, desigel comprising a compound of at least one 

2 metal, said compound selected from the group consisting of: nitrides, carbides, 

3 borides, silicides, and combinations thereof. 

1 2. A desigel as in claim 1, wherein said at least one metal comprises 

2 a transition metal. 

V 3- A desigel as in claim 2, wherein said transition metal is a group 

2 nib-Vnb transition metal. 

* 4- A desigel as in claim 2. wherein said transition metal is a group 

2 IVb-VIb transition metal. 

1 5. A desigel as in claim 1, having a porosity in the range of 1-100 

2 nanometers. 

1 6. A desigel as in claim 5, having a porosity in the range of 2-50 

2 nanometers. 

1 7, A desigel as in claim 1, further including an oxide of said at least 

2 one metal. 
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1 8. A desigel as in claim 1 , wherein at least a portion of said desigel 

2 is an aerogel. 

1 9. A desigel as in claim 1, ^^rein at least a portion of said desigel 

2 is a xerogel. 

1 10. A desigel as in claim 1, having a surface area in the range of 20- 

2 1,000 mVg, 

1 11. A desigel as in claim 1, wherein said at least cme metal is a single 

2 metal. 

1 12. A method of making a mesq>orous desigel comprising: 

2 providing a solution containing a first compound of a metal; 

3 reacting said first compound in said solution so as to produce a gel 

4 comprised of a network of a second compound of said metal embedded in a 

5 solvent; and 

6 removing said solvent from the gel while maintaining at least some of the 

7 structure of die network of the second compound, wherd)y a mesoporous desigel 

8 of said second compound is produced. 
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1 13 . A method as in claim 12, wherein said melal is a transition metal. 

1 14. A method as in claim 13. wherein said transition metal is a group 

2 Illb-VIIb transition metal. 

1 15 . A method as in claim 13, wherein said transition metal is a group 

2 IVb-VIb transition metal. 

1 16. A method as in claim 12, wherein said second conq}ound is 

2 selected fkx)m the group consisting of: oxides, carbides, nitrides, borides, 

3 silicides, and combinations thereof. 

1 17. A method as in claim 12. including the further step of reacting 

2 said mesoporous desigel so as to convert at least a portion of said second 

3 compound to a third compound of said metal. 

1 18. A method as in claim 17. including tfie further step of reacting 

2 said third compound of said metal so as to produce a fourth compound of said 

3 metal. 

1 19. A method as in claim 17, wherein the stq) of reacting said desigel 

2 comprises exposing said desigel to a reactive gas at an elevated temperature. 
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1 20. A method as in claim 17, wherein said second compound of said 

2 metal is an oxide, and said third compound of said metal is a nitride. 

1 21 . A method as in claim 18, wherein said fliiid compound of said 

2 metal is a nitride, and the fourth compound of said metal is a carbide. 

1 22. A method as in claim 12, wherein said first compound of said 

2 metal is an alkoxide and wherein the sti^ of leactiiig said first compound in s^^ 

3 solution conq)rises hydrolyzing said first compound so as to produce a second 

4 compound which is an oxide. 

1 23. A method as in claim 12, wherein said first conqxnuKl is an 

2 alkylamide and wherein the step of reacting said first compound in a solution 

3 conq>rises reacting said first conqxiund with ammonia or an amine so as to 

4 produce a second conqpound which is a nitr^. 

1 24. A method as in chum 23, inchiding the further step of 

2 electrochemically generating said alkylamide in said solution by leactii^ a metal 

3 electrode with ammonia or an amine. 
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1 25. A method as in claim 12, including the further step of disposing 

2 said desigel on a sui^rt member. 

1 26. A method as in claim 25, wherein the step of disposing said 

2 desigel on a suppon member comprises coating said support member with the 

3 gel prior to the step of removing the solvent from the gel, 

1 27. An electrical device of the type comprising a first electrode, a 

2 second electrode spaced from said first electrode, and an electrolyte disposed 

3 «l»erebetween, the improvement comprising in combination: 

4 at least one of said electrodes including a mesoporous desigel comprised 

5 of a compound of at least one metal, said compound selected from the group 

6 consisting of: nitrides, carbides, borides, silicides, and combinations thereof. 

1 28. An electrical device as in claim 27, wherein said at least one 

2 metal is a transition mml. 

1 29. An electrical device as in claim 28, wherein said transition metal 

2 is a group mb-Vnb transition metal. 

1 30. An electrical device as in claim 28, wherein said transition metal 

2 is a group IVb-VIb transition metal. 
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1 31. An electrical device 

2 comprises a capacitor. 

1 32. An electrical device 

2 comprises an electrochemical ceil. 



as in claim 27, wherein said device 



as in claim 27, wherein said device 
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